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Europe accounts for around 20% of the global cereal production and is a net exporter of ca. 15% of that pro-
duction. Increasing global demand for cereals justifies questions as to where and by how much Europe’s
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T
Grain maize
Crop modelling
Yield potential
Nitrogen
production can be increased to meet future global market demands, and how much additional nitrogen (N) crops
would require. The latter is important as environmental concern and legislation are equally important as pro-
duction aims in Europe. Here, we used a country-by-country, bottom-up approach to establish statistical esti-
mates of actual grain yield, and compare these to modelled estimates of potential yields for either irrigated or
rainfed conditions. In this way, we identified the yield gaps and the opportunities for increased cereal production
for wheat, barley and maize, which represent 90% of the cereals grown in Europe. The combined mean annual
yield gap of wheat, barley, maize was 239Mt, or 42% of the yield potential. The national yield gaps ranged
between 10 and 70%, with small gaps in many north-western European countries, and large gaps in eastern and
south-western Europe. Yield gaps for rainfed and irrigated maize were consistently lower than those of wheat
and barley. If the yield gaps of maize, wheat and barley would be reduced from 42% to 20% of potential yields,
this would increase annual cereal production by 128Mt (39%). Potential for higher cereal production exists
predominantly in Eastern Europe, and half of Europe’s potential increase is located in Ukraine, Romania and
Poland. Unlocking the identified potential for production growth requires a substantial increase of the crop N
uptake of 4.8Mt. Across Europe, the average N uptake gaps, to achieve 80% of the yield potential, were 87, 77
and 43 kg N ha−1 for wheat, barley and maize, respectively. Emphasis on increasing the N use efficiency is
necessary to minimize the need for additional N inputs. Whether yield gap reduction is desirable and feasible is a
matter of balancing Europe’s role in global food security, farm economic objectives and environmental targets.
1. Introduction
Cereals are grown on half of the European Union’s (EU) farms, occu-
pying a third of EUs agricultural area and accounting for a quarter of its
crop production value (EU, 2014). On a global scale, Europe accounts for
20% of the total cereal production, of which about 63% is produced in the
countries of the EU28 (FAO, 2016). Cereals in the EU28 are mainly used
for animal feed (61%) and human consumption (24%), while smaller
other purposes include alcoholic beverages (5%), bio-energy (4%) and
seeds (3%) (EU, 2016). Wheat and rye are used almost equally for animal
feed and human consumption, while barley, maize, sorghum, oats and
triticale are predominantly used for animal feed. In recent years, Europe
has been a net exporter of around 15% of its cereal production (FAO Food
Outlook, 2016). The exported cereals are mainly wheat and barley, while
the imports consist mainly of maize.
Over the coming decades the global demand for agricultural pro-
ducts, including cereals, is expected to rise, driven by population and
income growth (Alexandratos and Bruinsma, 2012; Godfray and
Garnett, 2014). The rising role of crop products in the transition to-
wards low-fossil-carbon economies (Gabrielle et al., 2014) will put
further pressure on agricultural production. As suitable agricultural
land for expansion of agricultural production is becoming scarce
(Lambin and Meyfroidt, 2011) and expanding the agricultural area
comes with substantial environmental trade-offs, sustainable produc-
tion increases from intensifying the use of existing agricultural land will
be the main avenue to satisfy the increasing demand. Sustainable in-
tensification, i.e. realising high yields on existing croplands with effi-
cient resource use is important to meet global crop demand with
minimal environmental impacts (Tilman et al., 2011). Avoiding food
loss and waste, and reducing consumption of livestock products
(Garnett et al., 2013) are also important, but are not further considered
in this paper.
Projections by the Food and Agricultural Organization
(Alexandratos and Bruinsma, 2012) show that the global annual de-
mand for cereals, including both food and non-food use, will increase
from 2.1 Gt in the base years around 2006 to 3.0 Gt by 2050. Almost all
the increases in the consumption of cereals will come from developing
countries, particularly after 2020 when the use of cereals for biofuels is
assumed to peak at 180Mt. Developing countries are projected to
continue increasing their net imports of cereals from the rest of the
world. Moreover, if intensification is not successful in developing
countries, these regions will increasingly depend on imports of cereals
(Van Ittersum et al., 2016b), and traditional exporters such as Europe
may sustain or even increase their share in the growing global grain
trade. Consequently, the question “where and by how much can Eur-
ope’s production be enhanced to meet future cereal demand?” is justi-
fied. Gain in cereal yields will at least partly rely on increased nitrogen
(N) and other inputs (Dobermann and Cassman, 2005). Given the im-
portance of reactive N as a driver for many of today’s local and global
environmental concerns (Sutton et al., 2011; De Vries et al., 2013), it is
relevant to complement the estimates of potential production increases
with estimates of the associated additional N requirements.
When considering sustainable intensification in the context of
European cereal production, it is essential to consider the large het-
erogeneity of Europe’s agricultural landscape. Europe has a wide geo-
graphic extent comprising a variety of farm structures and intensities
combined with pronounced differences in environmental conditions,
rendering substantial variation in inputs (nutrients, pesticides, irriga-
tion) and outputs (crop yields), as well as future yield potential. We use
the concept of yield gaps (Van Ittersum et al., 2013) to identify the
regions with unlocked yield potential. A yield gap is the difference
between potential and actual yield. Potential yields can be calculated
for irrigated (yield potential) and rainfed (water-limited yield potential)
conditions. Yield potential assumes unconstrained crop growth and
perfect management that avoids yield limitations from nutrient defi-
ciencies and water stress, and yield reductions from weeds, pests and
diseases. Yield potential is therefore location and year specific and
depends on the crop genotype along with solar radiation and air tem-
perature during the crop growing season. In addition, water-limited
yield potential depends on water supply as dictated by precipitation
and soil available water. Full yield gap closure is generally not eco-
nomically feasible nor environmentally desirable (Cassman, 1999; Van
Ittersum et al., 2013). We thus take 80% of the yield potential as the
reference for increases that can be achieved in farming practice.
The objective of the present study is to quantify actual and potential
yields for wheat, barley and maize in Europe. Together these three
crops represent 90% of the European cereal production. We use a
country-by-country, bottom-up approach to establish statistical esti-
mates of actual grain yield, and compare these to modelled estimates of
potential yields. In this manner, we identify the yield gaps and the
associated opportunities for increased cereal production. Furthermore,
we aim to quantify the additional N required to increase yields and
reduce yield gaps. These results provide essential information for stra-
tegic decisions by policy makers, NGO’s, agro-industry and commodity
traders on topics related to market development and EU and national
policies for agriculture, food security and sustainable development.
2. Material and methods
The yield gap analysis of cereals in Europe applies the approach
developed and described by the Global Yield Gap Atlas (GYGA; www.
yieldgap.org) project. In brief, the approach distinguishes the following
main steps: (1) selection of representative climate zones (CZ) based on
dominant crop areas, (2) selection of reference weather stations (RWS)
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that represent the selected CZs, (3) selection of dominant soil types and
cropping systems in a 100 km radius around the RWS, (4) crop model
simulations to establish rainfed or irrigated yield potential, and (5)
estimation of actual yields from statistical surveys. Detailed information
and justification is available in separate publications on climate zones
(Van Wart et al., 2013), upscaling from RWS to CZ and national scale
with area-weighted averages (Van Bussel et al., 2015), and criteria for
data selection (Grassini et al., 2015a). For 22 out of the 39 countries,
national country agronomists were involved, representing 94% of the
wheat and barley area, and 82% of the maize area. They had a pivotal
role in data access, expert estimates and evaluation of results. The next
sections present a point-by-point account of the underlying data and
methods used for Europe.
2.1. Selected climate zones
The climate zonation (Van Wart et al., 2013), at a 5′ resolution,
combines three categorical variables: (1) six classes of growing degree
days with a base temperature of 0 °C, (2) ten classes of an aridity index
(annual total precipitation divided by annual total potential evapo-
transpiration), and (3) three classes of temperature seasonality (stan-
dard deviation of monthly average temperatures). On average, there are
15 CZs per country, but it varied from 2 (the Netherlands) to 48 (Spain).
Harvested areas for wheat, barley and grain maize were taken from the
Spatial Production Allocation Model (SPAM) of Harvestchoice (You
et al., 2014), presenting harvested areas around the year 2005 at a 5′
grid, which is the most recent version to date. Both layers were com-
bined to calculate the harvested area per climate zone per country. The
harvested areas of wheat (34Mha), barley (20Mha) and maize
(13Mha) were distributed over 80 CZs for wheat and barley, and 75
CZs for maize (Table 1).
Selection of the CZs was carried out in two steps, with the aim to
cover at least 50% of the harvested area. First, all CZs with at least 5%
of the national harvested area were selected. However, for some
countries with many relatively small climate zones this approach re-
sulted in a low crop area covered by the CZs. Therefore, also CZs with
less than 5% of the national harvested area were selected if a suitable
weather station was present for that particular CZ. The final number of
selected CZs was on average 5 per country, with a range of 1
(Luxemburg) to 16 (Spain). On average, 43% of the number of CZs in a
country were selected representing on average 88% of the national crop
area, but area coverage ranged from 26% (Bosnia Herzegovina – maize)
to 100% (the Netherlands) of the national crop area.
2.2. Reference weather stations (RWS)
Weather data were collected for stations in the selected CZs with at
least ten years of consecutive daily data and less than 20% missing data
for each variable. Precipitation, minimum and maximum temperature,
vapour pressure and wind speed were used from stations in the NOAA
Global Surface Summary of the Day (https://data.nodc.noaa.gov/cgi-
bin/iso?id=gov.noaa.ncdc:C00516). If suitable weather stations with
adequate data were unavailable, gridded weather data from Agri4Cast
(http://agri4cast.jrc.ec.europa.eu/) were used. Daily radiation was
derived from NASA (http://power.larc.nasa.gov/). For precipitation,
zero was assigned to missing values, while for other variables linear
interpolation was used to fill data gaps.
The total number of selected RWSs for wheat, barley and maize was
287, 271 and 202, respectively. This equates to an average of 1.3
weather stations per climate zone. In 22 cases (Albania, Bosnia
Herzegovina, Kosovo, Macedonia, Moldova and Montenegro) a suitable
RWS with actual weather data was unavailable, and gridded data were
used that represented the location of the specific weather station.
2.3. Soils and crops
Data on water content at field capacity (pF= 2.5) minus water
content at wilting point (pF=4.2), root penetrable soil depth and hy-
drogeological class of soils were taken from the 1 km×1 km grid of the
European Soil Database (Panagos et al., 2012). Within the 100 km zone
around each RWS, the three dominant Soil Map Units (SMUs) were
selected, based on the harvested area. Each SMU comprises a varying
number of Soil Type Units (STUs) of which the soil parameters were
used as input to the model.
The yield gap assessment in this study covers rainfed wheat, barley
and maize, as well as irrigated maize. For wheat and barley, both spring
sown and autumn sown cropping systems were taken into account if
they covered at least 15% of the total wheat or barley area (Table 1).
Common wheat is the default wheat type, but for Mediterranean re-
gions durum wheat was also considered. In this study the term “maize”
stands for grain maize; forage maize was not included.
2.4. Crop modelling
We implemented the WOFOST crop model version 7.1.7 (Van
Diepen et al., 1989; Supit et al., 1994; Boogaard et al., 1998; De Wit
et al., 2018), which was calibrated for many regions throughout Europe
by Boons-Prins et al. (1993) and Wolf et al. (2011). WOFOST computes
daily biomass accumulation and its distribution over crop organs during
the growth period using a photosynthesis minus respiration approach.
Crop yield was simulated for the potential (Yp) and the water-limited
(Yw) production situation. Yp is determined by temperature, day
length, solar radiation and genetic characteristics assuming absence of
any water or other stress factors. Yw is limited by water supply, and
hence influenced by rainfall, soil type and depth. Soil water dynamics in
the root zone were simulated with a daily time step. The model does not
account for capillary rise of water from below the root zone. To prevent
overestimation of water limitation for soils with shallow groundwater
(e.g. large parts of the Netherlands and the Po valley in Italy), Yw was
assumed to equal Yp in these regions. For both Yp and Yw non-limiting
nutrient supply was assumed. Yield losses caused by pests, diseases,
weeds or any mismanagement by farmers were considered absent for
both Yp and Yw. The same holds for extreme weather events and their
effects like lodging, hail or flooding, which are rarely considered in
crop models and could also be caused by off-site events (Rötter et al.,
2018). Vernalization was not implemented in WOFOST and crop
growth and phenological development for autumn sown crops were
therefore calculated from January 1st of each year onwards (Ceglar
et al., 2018), assuming a fixed initial dry biomass of 210 kg ha−1
(Boons-Prins et al., 1993).
The crop parameters from Boons-Prins et al. (1993) and Wolf et al.
(2011) were updated in two steps to represent conditions covering
approximately the last 15 to 20 years. First, additional phenology data
were collected from a variety of sources, comprising either geo-refer-
enced networks of observations, experimental sites or expert estimates
by country agronomists (Supplement 1). For spring sown crops, the
observations consisted of day of sowing, emergence, anthesis and ma-
turity. For autumn sown crops, emergence was fixed on January 1st. All
phenology data were grouped per country per climate zone, and sub-
sequently temperature sums between sowing and emergence, between
emergence and anthesis, and between anthesis and maturity were cal-
culated for each RWS. Initial model runs were carried out with these
data, and the simulated harvest index (HI) and maximum leaf area
index (LAIM) were checked against a plausible range proposed by Wolf
et al. (2011). If more than 10% of the number of simulations were
outside the plausible range for HI (minimum: 0.35–0.40; maximum
0.55–0.60, depending on crop) or LAIM (minimum 3–4; maximum 6–7,
depending on crop), crop parameters were adjusted within biologically
plausible values as per the guidelines for regional calibration of WO-
FOST (Boons-Prins et al., 1993; Wolf et al., 2011). The relevant
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parameters for calibration were, in order of importance, SLATB (spe-
cific leaf area [ha kg−1]), the partitioning of assimilates to the various
organs (FSTB for stems, FLTB for leaves and FOTB for storage), SPAN
(life span of leaves growing at 35 °C [d]) and AMAX (maximum leaf CO2
assimilation [kg ha−1 h−1]). The final evaluation step consisted of an
expert assessment by the country agronomist, and if available, sup-
ported by annual maximum yields observed in variety trials or agro-
nomic experiments (Supplement 2). If the average simulated yields
were more than 15% lower or higher than the observed maximum
yields, or if the experts qualified the simulations not plausible, further
fine-tuning of the crop parameters, as described above, was carried out.
The simulations were carried out for each STU within a RWS zone.
The simulation results were up-scaled successively to SMU, RWS, CZ
and country, using harvested area per STU as weighing factor. All si-
mulated crop yields are presented at standard moisture content, i.e.
13.5% for wheat and barley, and 15.5% for maize.
2.5. Actual yields
The actual annual grain yields (Ya) were obtained from national
statistical offices at the best available spatial resolution (NUTS levels 1,
2 or 3 representing increasing regional resolution; http://ec.europa.eu/
eurostat/web/nuts/overview) and at the most disaggregated crop and
cropping system level (spring sown or autumn sown common or durum
wheat, spring sown or autumn sown barley, rainfed maize, and irri-
gated maize). Yield data were collected for a recent period of 10 years
for rainfed crops and 5 years for irrigated crops (Grassini et al., 2015b).
A linear trend analysis was carried out to identify countries with a
significant (P < 0.05) increasing trend. For those countries with in-
creasing trends, only the recent 5 year period was used to avoid effects
of technological developments. The actual yields were re-scaled from
the NUTS region to the RWS zone, and subsequently to CZ and country,
using the harvested area (You et al., 2014) as weighing factor. All actual
crop yields are presented at standard moisture content, i.e. 13.5% for
wheat and barley, and 15.5% for maize.
2.6. Yield gap
The yield gap of rainfed crops is calculated as the difference be-
tween the water-limited yield (Yw) and actual yield (Ya), whereas the
yield gap of irrigated maize equals the difference between the potential
yield (Yp) and the actual yield (Ya). The yield gaps are also expressed
relative to Yw ([1-Ya/Yw]*100%) or Yp ([1-Ya/Yp]*100%).
2.7. Actual nitrogen use
Crop and country specific actual N inputs from fertilizer and manure
were derived from the MITERRA model (Velthof et al., 2009; Velthof
et al., 2014) for the year 2010, for the EU member states. In these
approaches, fertilizer application is based on data of the European
Fertilizer Manufacturer’s Association published by FAOSTAT and expert
questionnaire data from the International Fertilizer Association (IFA).
Within the boundaries of the total fertilizer and manure use at country
level, fertilizer and manure N were allocated to crops, mainly based on
actual above ground crop N uptake. Total manure N was converted to
fertilizer equivalents, assuming a default N fertilizer replacement value
of all manure types and for all crops of 50%, based on the ranges found
throughout Europe (Webb et al., 2013).
2.8. Nitrogen gap
We define the N uptake gap as the difference between the above
ground N uptake at 80% of Yw (Van Ittersum et al., 2013) and the N
uptake at Ya. The N uptake gaps were calculated from the yield gaps
using the procedure of De Vries et al. (2018) developed within the Crop
Nutrient Gap Project (http://www.yieldgap.org). The approach is based
on an inversed, target-oriented, approach of the QUEFTS model
(Janssen et al., 1990), using the following minimal and maximal values
for the physiological N efficiency in above ground biomass: for maize
30 and 70, for wheat 20 and 46, and for barley 21 and 49 kg grain yield
(at standard moisture content) per kg N uptake. These values are con-
sistent with the average nutrient removal values of the IPNI Crop Nu-
trient Removal Calculator (http://www.ipni.net/article/IPNI-3346),
and with ranges observed in literature (Le Gouis et al., 1999; Ciampitti
and Vyn, 2012; Sattari et al., 2014; Ruisi et al., 2015; Baral et al., 2017;
Rajala et al., 2017). The N uptake gap may be considered a minimal
additional N requirement needed to increase the actual yield to 80% of
the yield potential. The actual additional N requirement depends on the
efficiency with which applied N is taken up by the crop.
3. Results
3.1. Actual yields
Actual yields of rainfed wheat varied from 1.2 to 8.9 t ha−1
(Fig. 1a). Relatively low yields were observed in Mediterranean and
Eastern Europe. Areas with yields below the 10th percentile (2.5 t
ha−1) were Cyprus, Moldova and Portugal, as well as some climate
zones in Greece, Italy, Spain and Ukraine. Relatively high yields were
observed in north-western Europe. The highest yields (90th percen-
tile;> 7.4 t ha−1) were observed in Belgium, Ireland and Netherlands,
all but one climate zone in United Kingdom, and some climate zones in
France, Germany and Sweden. Autumn sown wheat is the dominant
cropping system in most countries throughout Europe. Spring sown
wheat is mainly grown in the northern countries with average yields up
to 30% lower than those of autumn sown wheat.
The actual yields of rainfed barley varied from 1.5 to 8.1 t ha−1
(Fig. 1d) and showed a similar regional distribution as that of rainfed
wheat. Relatively low yields were observed in Mediterranean and
Eastern Europe. In addition to the regions mentioned for wheat, areas
with yields below the 10th percentile (2.2 t ha−1) were also found in
some climate zones in Latvia and Romania. Relatively high yields were
observed in north-western Europe. The highest yields (90th percen-
tile;> 6.3 t ha−1) were mainly observed in the same countries as for
wheat, but also in Switzerland. Relative to wheat, barley yielded ap-
proximately 70 to 110%. In the Mediterranean countries, barley gen-
erally had higher yields than wheat, because of the presence of durum
wheat in these regions, which generally yields less than common wheat
and because barley is harvested earlier and is thus less affected by
summer drought. The proportion of spring sown barley varied from 0%,
mainly in the Mediterranean, to 100%, mainly in the Nordic regions.
Spring barley yields were between 5 and 25% lower than the yields of
autumn sown barley. Spring barley has a shorter growing season than
winter barley, but it also receives less fertilizer N as it is predominantly
grown as malting barley.
The actual yields of rainfed maize (Fig. 2a) varied from 2.9 to 11.8 t
ha−1, and showed a similar regional distribution as that of wheat and
barley, bearing in mind that grain maize is not grown everywhere
throughout Europe. Areas with yields below the 10th percentile (3.5 t
ha−1) were Kosovo and Moldova, as well as most climate zones in
Romania. Relatively high yields were observed in north-western
Europe. The highest yields (90th percentile;> 10.0 t ha−1) were ob-
served in Belgium and Netherlands, as well as a climate zone in Austria.
Irrigated maize yields (Fig. 2d) showed a relatively small variation,
around 10 t ha−1, throughout Spain, France, Italy and Greece. Yields in
Albania and northern Portugal were considerably lower at levels
around 6 t ha−1.
The coefficient of variation (CV= standard deviation/mean) of the
actual yields, reflecting inter-annual variation, of rainfed wheat varied
from 5 to 10% in northern and western Europe to 10 to 20% in southern
and eastern Europe, with some individual countries (Moldova and
Romania) above 25%. Actual barley yields generally showed a lower CV
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Fig. 1. Average crop yields (t ha−1 at standard moisture content) and yield gaps (% of yield potential) of rainfed wheat (a,b,c) and rainfed barley (d,e,f) for climate
zones in countries; actual yield (a,d), water-limited yield (b,e) and yield gap (c,f). Crop area mask of You et al. (2014).
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Fig. 2. Average crop yields (t ha−1 at standard moisture content) and yield gaps (% of yield potential) of rainfed maize (a,b,c) and irrigated maize (d,e,f) for climate
zones in countries. Actual yield (a,d), water-limited yield (b), potential yield (e) and yield gap (c,f). Crop area mask of You et al. (2014).
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with a predominantly west-east increasing gradient. The CV of actual
rainfed barley yields in Portugal was exceptionally high (34%). The
actual rainfed maize yields generally showed a higher CV, again with a
predominantly west-east increasing gradient, from around 10% to 25%.
Some countries (Bulgaria, Moldova and Romania) had a CV above 25%.
The CV of actual yields in irrigated maize was mostly less than 15%,
with the exception of Greece (22%). In these environments, heat stress
around flowering may increase variability, despite irrigation.
3.2. Water-limited and potential yields
The simulated water-limited yields of wheat varied from 3.8 to
12.9 t ha−1 (Fig. 1b). There was a clear west-east and central-south
gradient that relates to the length of the growing season and the pre-
cipitation deficit. In Norway and Finland the yield was relatively low,
primarily due to the high proportion of spring wheat, whereas the yield
in Sweden was relatively high among Nordic countries as the selected
areas only comprised winter wheat.
The simulated water-limited yields of barley (Fig. 1e) varied from
4.4 to 10.6 t ha−1, and showed a similar, but less extreme, regional
distribution as that of wheat. Relative to wheat, barley yielded ap-
proximately 70 to 115%, similar to the findings for actual yields.
The simulated water-limited yields of maize varied from 3.2 to
14.9 t ha−1 (Fig. 2b), showing also a west-east and central-south gra-
dient. Potential yields of irrigated maize (Fig. 2d) showed a relatively
small variation between 10.6 to 17.5 t ha−1, with a slightly increasing
gradient from north to south.
3.3. Yield gap
The yield gaps of rainfed wheat varied from 0.2 to 6.9 t ha−1, which
equals relative gaps from 2 to 84% (Fig. 1c). Relative yield gaps lower
than 10% occurred in 4 out of the 204 CZs (2%), possibly related to an
underestimation of Yw in those CZs. Relative yield gaps below 30%
were observed in many north-western countries, while relative yield
gaps above 50% were mainly found in eastern and south-western
Europe. For rainfed barley (Fig. 1f) the overall picture was quite similar
to that of wheat, with absolute gaps between 1.0 and 7.3 t ha−1 and
relative yield gaps between 12 and 75%.
The yield gaps of rainfed maize varied from 0 to 8.9 t ha−1, or from
0 to 75% (Fig. 2c). Relative yield gaps lower than 10% occurred in 7 out
of the 103 CZs (7%), possibly indicating an underestimation of Yw.
Relative yield gaps below 30% were observed in Western Europe, while
relative yield gaps above 40% were mainly seen in Eastern Europe. For
irrigated maize (Fig. 2f), the absolute gaps varied between 0.5 and
12.5 t ha−1 and relative gaps between 4 and 78%.
The national relative yield gaps were inversely related to Gross
Domestic Product (GDP) per capita, for GDPs lower than ca. USD
40,000 (Fig. 3), with an average slope of 0.8% per 1000 USD. Above a
GDP of ca. USD 40,000 yield gaps were not related to income. The
relationship between yield gap and GDP was similar for all crops, but
the yield gaps for rainfed and irrigated maize were approximately
10–20%-points lower than those of rainfed wheat and barley.
3.4. Cereal production
The current combined production of wheat, barley and maize in
Europe amounts to 327Mt. France is the largest producer (Fig. 4), re-
sponsible for 19% of the production, followed by Germany (12%) and
Ukraine (11%). Overall, 93% of the total production is produced by
50% of the countries. The consolidated yield gap is 239Mt, or 42% of
the yield potential. If the yield gap would be reduced to 20% of Yw or
Yp, this would increase production by 128Mt, of which 54% is the
combined share of Ukraine, Romania and Poland.
3.5. Nitrogen
3.5.1. Actual nitrogen use
In 2010, the actual total N input, expressed in fertilizer N equiva-
lents, from fertilizer and manure for the three cereals in the EU-28 was
4.2Mt, of which 60%, 18% and 22% was allocated to wheat, barley and
maize, respectively. The average N application per ha increased in the
order barley < wheat < maize, but showed a large variation between
countries (Fig. 5), i.e. from 24 to 297 kg N ha−1. The average amount of
N applied per 1000 kg of wheat, barley or maize was 23, 16 or 17 kg,
respectively. Countries with a relatively low N application per 1000 kg
grain (< 10th percentile) were Sweden, Italy, Romania and Austria,
while the countries with the largest application per 1000 kg grain
(> 90th percentile) were Finland, Portugal, Greece, Croatia and Cy-
prus. The latter are the points located below the 1-to-1 line in Fig. 5
(right), indicating that the N application exceeds the N uptake. The
majority of points are located above this line, as the crops also benefit
from other N sources than fertilizer and manure, such as atmospheric
deposition, legumes in the rotation and mineralisation of organic
matter in manure and other added organic matter.
3.5.2. Nitrogen uptake gap
The N uptake gap varied between 0 and approximately 150 kg N
ha−1 for wheat and barley, and between 0 and approximately 100 kg N
ha−1 for maize (Fig. 6), with average values for wheat, barley and
maize of 87, 77 and 43 kg N ha−1, respectively. Countries with low
yield gaps had low additional N requirements, and vice versa. The N
uptake gap represents the minimum input requirement to reduce the
yield gap to 20%.
The total N uptake gap for the countries included in this analysis
amounted to 4.8Mt of N, of which 57%, 30% and 13% is required for
wheat, barley and maize, respectively. The N uptake gap for the EU28
countries amounted to 3.0Mt. Similar to the cereal production gap, the
largest share of the N uptake gap was located in Eastern Europe, with
Ukraine, Romania and Poland together accounting for 49% of the total
N uptake gap.
4. Discussion
4.1. Uncertainty
The GYGA protocol applies a tiered data approach, i.e. it uses the
highest data quality available, but also allows the use of lower quality
data when necessary (Grassini et al., 2015a). This implied a varying
data quality and associated uncertainty across the countries included in
our analysis. Yet, we argue that this is the agronomically most robust
yield gap assessment for Europe to date.
Van Bussel et al. (2015) found that estimated national water-limited
yield potentials were robust if data could be collected that were re-
presentative for approximately 50% of the national harvested area of a
Fig. 3. Relative yield gap (%) for all crops, in relation to national GDP (USD/
capita; https://data.worldbank.org/indicator/NY.GDP.PCAP.CD).
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Fig. 4. Actual consolidated production (Mt; standard moisture content) of wheat, barley and maize, and additional production when the yield gaps are reduced to
20% of Yw or Yp.
Fig. 5. Actual grain yield (left) and above ground N uptake (right) of wheat, barley and maize in relation to the actual nitrogen input of fertilizer and manure,
expressed as fertilizer equivalents, for EU countries.
Fig. 6. Additional nitrogen uptake when yields increase from the actual yield to 80% of the water-limited yield (rainfed wheat, barley and maize) or to 80% of the
potential yield (irrigated maize).
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crop. For wheat grown in Australia, Hochman et al. (2016) showed a
high level of agreement between the GYGA approach, with 50% area
cover, and a so-called ‘data rich’ approach with 94% area cover. In
Europe, the availability of actual weather data at sufficient temporal
and spatial scales resulted in a high coverage, 88% on average, of the
harvested area in the selected CZs. Relatively low coverages were ob-
served in some countries in central and southern Europe, with large
topographical variations at short distances, resulting in many small CZs.
In some countries of the Former Republic of Yugoslavia (Bosnia Her-
zegovina, Kosovo, Macedonia and Montenegro) as well as Albania and
Moldova, the availability of weather records was too low, which re-
sulted in the use of gridded weather data.
The calculation of the growing degree days in the GYGA climate
zonation scheme is based on a base temperature of 0 °C for all crops
(Van Wart et al., 2013). The main arguments for this approach are that
much of the world's cropland produces more than one major food crop
and that it facilitates analysis of yield gaps for crop rotations. Never-
theless, we realize that a crop-specific zonation for maize, with a base
temperature of 8 °C, would result in a slightly different climate zonation
compared to that of wheat and barley.
For most of the countries in this study, actual yields were available
at a sufficient temporal and spatial detail, and also disaggregated to the
relevant cropping system, i.e. spring sown vs. autumn sown, rainfed vs.
irrigated or common vs. durum wheat. For Kosovo, actual yields were
only available for a single year.
We used the SPAM2005 crop mask (You et al., 2014) for identifying
areas of cereal cultivation. This is the most recent SPAM version cur-
rently available, while an update to 2010 is anticipated in the near
future. In the EU, crop areas of wheat, barley and maize did change
between 2005 and 2013, on average with a factor 1.03, 0.88 and 1.06,
respectively (Eurostat, 2018). The average yield gap per country is only
affected if area changes are not uniform across the various climate
zones and soil types within a country. The unlocked production po-
tential per country, however, is also affected by uniform area changes.
Until an updated crop mask is available our estimations cannot be
improved.
In the definitions of the Global Yield Gap Atlas, rainfed crops are not
irrigated at all, while irrigated crops are irrigated to compensate for all
potential water stress, so yield potential can be achieved. In practice,
the distinction is less strict, and some caution is needed in interpreta-
tion. In drought prone areas throughout Europe, temporal water stress
may be reduced by supplemental or partial irrigation. This is most
prominent in Mediterranean countries where permanently installed ir-
rigation equipment for maize may also be used for strategic irrigation of
wheat and barley, but even in northern Europe, cereals on sandy soils
may be partially irrigated (Olesen et al., 2000; Gobin et al., 2017).
Therefore, any underestimated contribution of irrigation in assumed
rainfed crops may have led to an underestimated yield potential and to
underestimation of yield gaps.
Much effort was put into collecting and verifying phenological data
for all cropping systems per country-CZ combination, needed for a re-
gional calibration of the crop varieties representative for those zones.
For some countries the calibration was further strengthened through
observed grain yields in field experiments. Even when we had no access
to experimental data, the arrangement with a country agronomist en-
sured an assessment of the plausibility of the simulated yields, given
their knowledge of locally realised yields on experimental sites.
This study did not take into account the effects of climate change. A
review (Olesen and Bindi, 2002) of cereal studies indicated a larger
yield increase or a smaller yield reduction in northern Europe compared
to southern Europe. For wheat, Olesen and Bindi (2002) calculated that
the yield increases due to technological improvements were three times
larger than yield increases due to climate change. However, there was a
large regional variation with a relatively large impact of climate change
in the Mediterranean and Western Europe and a relatively large impact
of technology in Eastern Europe. Increasingly variable weather condi-
tions (Trnka et al., 2011) and occurrence of meteorological extremes
(Trnka et al., 2015) will increase the risk of investment in additional
nutrient inputs, and thus hamper yield benefits of increasing input le-
vels in those areas (Swinnen et al., 2017). Increasing summer drought
might decrease N efficiency for some sites (Kersebaum and Nendel,
2014). Thus, whether the potential of reducing yield gaps will be rea-
lized, will certainly depend on climate change.
4.2. Comparison to other studies
Boogaard et al. (2013) simulated rainfed autumn sown wheat yields
for EU-25 countries, using the WOFOST crop model with gridded
weather data. The average national water-limited yields (Yw) of the
GYGA approach were 4% higher than in the approach of Boogaard et al.
(2013), ranging from -13% (Portugal) to +36% (Poland) (Fig. 7). The
likely underestimation of the simulated yield for Poland, possibly
through an overestimation of drought stress, is specifically mentioned
in Boogaard et al. (2013). Mueller et al. (2012) estimated attainable
yields as the 95th percentile of actual yields in a similar climate bin
(100 zones of similar annual precipitation and growing degree days),
using empirically derived input-yield crop models. The differences be-
tween our analysis and the global study of Mueller et al. (2012) were
larger, with an average of +12% for GYGA, and a range of -10%
(Austria) to +44% (Sweden). For both studies, deviations from our
results did not seem to be systematically associated to specific regions
in Europe.
4.3. Yield gaps, production potentials and the environment
The potential to enhance cereal production in Europe through re-
ducing the yield gap is largest in Eastern Europe. Reducing the yield
gaps to 20% of Yw or Yp, would increase the consolidated production of
wheat, barley and maize from 327 to 456Mt. Approximately half of the
production increase could occur in Ukraine, Romania and Poland. Our
study only considered reducing yield gaps on existing cropland,
whereas re-cultivation of abandoned farmland, which is widespread in
temperate European Russia, northern and western Ukraine, and Belarus
(Alcantara et al., 2013), can also contribute to increased production.
For Ukraine, Swinnen et al. (2017) estimated a production growth of
26.7Mt due to intensification to 80% of the yield potential, and a re-
latively modest production growth of 1.7Mt due to re-cultivation. Si-
milar conclusions were drawn by Deppermann et al. (2018), who found
that production potentials, in Russia and Ukraine, due to intensification
were ten times larger than potentials due to re-cultivation of abandoned
land. In our approach we assumed a default value of 80% of Yw
(rainfed) or Yp (irrigated) as a maximum production target, but a fur-
ther elaboration of regionally sustainable production targets is neces-
sary, depending on the specific climate, soil and management.
Low yield gaps were mainly observed in north-western Europe,
Fig. 7. Comparison of water-limited yield potential in Boogaard et al. (2013)
and attainable yield in Mueller et al. (2012) with water-limited yield potential
in the present study for rainfed wheat at standard moisture content.
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leaving a relatively smaller scope for further yield improvement in
comparison to Eastern Europe. Sylvester-Bradley (2010) distinguished
four technologies whereby yields may be enhanced in future, i.e.
breeding, engineering, chemistry and farming logistics. The latter three
options are most likely to be the main basis for yield gap reduction in
Eastern Europe, while breeding provides further prospect for yield in-
creases in Western Europe. Fischer et al. (2014) presented a global
summary of progress in potential yields, arriving at an average annual
progress of 0.61% in wheat. The recent stagnation in actual wheat
yields observed in several countries in north-western Europe, was
suggested to indicate that the genetic progress is offset by climate
change, a lower proportion of legumes in rotations and reduced N ap-
plication (Brisson et al., 2010), although differences exist across
countries (Rijk et al., 2013).
Yield gaps were inversely related to per capita GDP, as was also
observed earlier for a wider analysis that included countries in Africa,
Asia, Australia and the Americas (Van Ittersum et al., 2016a). High
income countries are better able to invest in knowledge, equipment,
fertilizers and crop protection to increase crop yields. At the same time,
in many cases, a productive agricultural sector is a pre-requisite for
increased productivity in the secondary and tertiary sectors (Gollin,
2010).
Unlocking the identified potential for production growth requires a
substantial increase of the N uptake, to be achieved by higher N use
efficiencies, but regionally also by higher N inputs. Incentives to reduce
yield gaps may thus bring considerable challenges for reducing the
associated negative environmental impacts of enhanced N use. These
impacts include nitrate leaching, which threatens quality of ground-
water for human consumption and contributes to eutrophication of
both freshwater and marine ecosystems. This challenges current policy
objectives such as those of the EU Nitrates Directive, the EU Water
Framework Directive and the Baltic Sea Action Plan. Higher N inputs
would also enhance risk of ammonia volatilisation leading to higher N
deposition and formation of aerosols. Higher use of N fertilizers en-
hances nitrous oxide emissions, which conflicts with policy targets to
reduce greenhouse gas emissions. Emphasis on tightening N cycling in
agriculture thus needs to go along with closing the yield gap, which
aligns with the aim of the EU Nitrogen Expert Panel (http://www.
eunep.com/) to contribute to improving Nutrient Use Efficiency (NUE)
in food systems in Europe.
It has been argued that the increased input of nutrients in eastern
Europe (Van Grinsven et al., 2014) or other underperforming regions
across the globe (Nathaniel et al., 2014) can be partly compensated by
reduced inputs in currently intensively managed regions. Mueller et al.
(2012) suggested a reduction of N input in large parts of Western
Europe. The sensitivity of the additional N requirements to N use effi-
ciency underscores the importance of optimal N management. It needs
to considered that N use efficiency cannot be seen isolated from other
management factors such as crop protection, and supply of water and
other nutrients (De Wit, 1992). Alleviating these yield limiting or re-
ducing factors may enhance N uptake without further increasing N
inputs. This is equally true for underperforming regions, where the
challenge lies in increasing yields with modestly increased N inputs,
and for current high yielding regions and particularly nitrate vulnerable
zones where the challenge lies in maintaining yields with reduced N
inputs. A recent study by Lassaletta et al. (2014) suggests that a further
increase of N fertilization would result in a disproportionately low in-
crease of crop production with additional negative environmental ef-
fects, unless cropping systems improve their efficiency substantially.
5. Conclusions
Yield gaps were estimated for rainfed wheat and barley, and rainfed
and irrigated grain maize using an agronomically robust and consistent
country-by-country approach. The yield gaps showed a wide range from
10 to 70% of potential yields, with small gaps in many north-western
European countries, and large gaps in eastern and south-western
Europe. Yield gaps for rainfed and irrigated maize were consistently
lower than those of wheat and barley.
The consolidated yield gap of wheat, barley and maize was 239Mt,
or 42% of the yield potential. If the yield gap would be reduced to 20%
of the yield potential, the production would increase by 128Mt (39%).
The potential for increased cereal production exists mainly in Eastern
Europe, with approximately half of it in Ukraine, Romania and Poland.
Unlocking the identified potential for production growth in Europe
requires a substantial increase of the crop N uptake of 4.8Mt. The
average N uptake gaps were 87, 77 and 43 kg N ha−1 for wheat, barley
and maize, respectively. The required additional N input to realize the
increased crop production and N uptake can be minimized through
emphasis on increasing the N use efficiency and good agronomy.
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